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Abstract

The role of epigenetic alterations during cancer has gained increasing attention and has resulted in a paradigm
shift in our understanding of mechanisms leading to cancer susceptibility. Sulforaphane (SFN) is a naturally
occurring isothiocyanate derived from the precursor glucosinolate, glucoraphanin (GFN), which is found in
cruciferous vegetables such as broccoli. Sulforaphane has been shown to suppress tumour growth by several
mechanisms including inhibiting histone deacetylases. The objective of this study was to provide a detailed ana-
lysis of sulforaphane absorption following a single oral dose of a broccoli sprout supplement in normal dogs. A
single dose of broccoli sprout supplement (with active myrosinase) was orally administered to 10 healthy adult
dogs. Blood and urine samples were collected prior to dosing, and at various time points post-dosing. Plasma
total SFN metabolite levels peaked at 4 h post-consumption and were cleared by 24 h post-consumption. Uri-
nary SFN metabolites peaked at 4 h post-consumption, and remained detectable at 24 and 48 h post-supple-
ment consumption. A trend for decrease in histone deacetylase activity was observed at 1 h post-consumption
and a significant decrease was observed at 24 h post-consumption. The data presented herein indicate that oral
SFN is absorbed in dogs, SFN metabolites are detectable in plasma and urine post-dosing, and SFN and its
metabolites have some effect on histone deacetylase activity following a single dose.

Keywords: dogs, histone deacetylases, neoplasms, vegetables.

Correspondence: Kaitlin M. Curran, 172 Magruder Hall, Department of Clinical Sciences, Oregon State University, Corvallis, OR,
97331, USA. E-mail: katie.curran@oregonstate.edu

Introduction

The consumption of fruits and vegetables is associ-

ated with decreased risk of cancer in people (Block

et al. 1992; Steinmetz & Potter 1991; Riboli & Norat

2003). This inverse association is greatest when con-

sidering cruciferous vegetables (Verhoeven et al.

1996; Royston & Tollefsbol 2015). Sulforaphane, a

naturally occurring isothiocyanate derived from its

glucosinolate precursor glucoraphanin (GFN), is

found in cruciferous vegetables such as broccoli. Sul-

foraphane has been identified as one of the critical

bioactive compounds associated with the health ben-

efits following the consumption of these vegetables,

and has been shown to play a powerful role in

tumour suppression (Myzak et al. 2005; Hsu et al.

2011; Clarke et al. 2008). In particular, targeting

chromatin-modifying enzymes, such as HDAC or

DNA methylation, has emerged as a potential thera-

peutic strategy for several cancers. Sulforaphane sup-

presses tumour growth and acts as a HDAC inhibitor

and inhibitor of DNA methyltransferases in several

animal models of cancer and in humans (Clarke et al.
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2011a; Myzak et al. 2007; Myzak et al. 2006). In a

recently published study, women scheduled for a

breast biopsy were evaluated for selective biomark-

ers and the presence of metabolites based after

consumption of a broccoli sprout extract contain-

ing GFN (Atwell et al. 2015a). Patients were

noted to have statistically significant increases in

SFN metabolites in urine and plasma after

supplementation.

For SFN to be absorbed from cruciferous vegeta-

bles, it must be released from its precursor, GFN.

Most SFN is released when GFN is hydrolysed by

myrosinase that cleaves a glucose and sulfate moiety

from GFN to form SFN. Myrosinase enzymes are

found in the plant, kept separate from glucosinolates

in different cellular compartments, thereby prevent-

ing isothiocyanate formation. However, when there

is damage to the plant as with chewing, cutting, etc.,

the myrosinase is released and forms isothiocyanates

(Atwell et al. 2015b). The gut microbiota also con-

tains a small amount of enzymes with myrosinase-

like activity. When myrosinase is inactivated, SFN

absorption is significantly reduced with broccoli

sprout extract supplementation compared to fresh

broccoli sprouts in healthy human adults (Clarke

et al. 2011b; Clarke et al. 2011c).

In veterinary medicine, SFN has been investigated,

in vitro, alone and with doxorubicin against osteosar-

coma cell lines (Rizzo et al. 2017). The results indi-

cate that SFN significantly decreased cell invasion

and downregulation of focal adhesion kinase sig-

nalling. However, to date, there have been no studies

evaluating the consumption of SFN in vivo, in nor-

mal dogs or dogs with cancer.

The goal of this study was to provide an analysis of

SFN absorption and urinary excretion following a

single oral dosing of a broccoli sprout supplement

(with active myrosinase; BroccoMax™, Jarrow For-

mulas�, Los Angeles, CA, USA) in normal dogs.

Additionally, we sought to evaluate HDAC inhibi-

tion in peripheral blood cells after SFN dosing. Our

hypothesis was that dogs would have similar absorp-

tion and urinary excretion data compared to humans.

Our findings provide baseline information for the

design of future SFN supplementation trials in dogs

with and without disease.

Materials and methods

Patient selection

Ten healthy dogs over 1 year of age were recruited. This

study was conducted with client-owned dogs. Inclusion

criteria included patient weight between 25 and 36 kg,

adequate organ function assessed by complete blood

count, serum biochemistry and urinalysis, and normal

performance status and activity level. Exclusion criteria

included the presence of malignancy or other serious

systemic disorder (i.e. immune-mediated disease, renal

failure), consumption of broccoli, garlic or onions within

2 days of the study start, or dogs on homoeopathic or

alternative therapies. All participating dog owners

signed informed client consent forms. The study proto-

col (no. 4790) was approved by the Institutional Animal

Care and Use Committee at Oregon State University

(OSU) and carried out in accordance with the relevant

guidelines and regulations.

Dietary intervention

All dogs were fed commercial kibble as per their regu-

lar at-home husbandry starting 3 days prior to the

study start. Owners were instructed to avoid all treats

during this time. On Day 0 of the study, dogs were

orally administered three capsules of a broccoli sprout

supplement (BroccoMaxTM) to achieve 90 mg total of

GFN (per Jarrow Formulas�, 30 mg of GFN yields

8 mg SFN in vitro). The GFN dose used was based on

estimated weight equivalent dose in people (Atwell

et al. 2015a). All dogs swallowed the supplement with-

out chewing, and received their morning meal immedi-

ately following the broccoli sprout supplement dosing

(BroccoMaxTM). Dogs were followed up for 48 hours

post-dosing and owners were asked to identify any

adverse events noted at home. Adverse events were

graded based on the Veterinary Comparative Oncol-

ogy Group common terminology criteria for AEs

(Veterinary Cooperative Oncology Group, 2016).

Sample collection

Blood and urine samples were collected prior to dos-

ing with glucoraphanin on the morning of Day 0

(baseline), and at various time points post-dosing.

© 2018 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd.
Veterinary Medicine and Science (2018), 4, pp. 357–363

K.M. Curran et al.358



Urine samples were obtained by voiding at baseline,

4, 24 and 48 h post-dosing. Samples were divided

and one half of the sample was acidified with trifluo-

roacetic acid to a final concentration of 10% v/v. The

remaining half of the sample was left unacidified.

Whole blood samples were collected in vacutainers

containing EDTA (EDTA vacutainers, Becton,

Dickinson, and Company, Franklin Lakes, NJ, USA)

at baseline, 1, 2, 4, 8, 24 and 48 h post-dosing. For

plasma collection, samples were centrifuged at

600 rcf for 10 min, and plasma was removed. A

quantity of 500 lL of plasma samples were immedi-

ately acidified with trifluoroacetic acid to a final con-

centration of 10% v/v. The remaining plasma

samples were left unacidified. For PBMC isolation,

whole blood samples were collected at baseline, 1, 2

and 24 h post-dosing, and processed as previously

described (Clarke et al. 2011b) using cell separation

media (Histopaque�-1077, Sigma-Aldrich Co. LLC.,

St. Louis, MO, USA). PBMC protein lysates were

obtained by resuspending PBMC pellets in IP lysis

buffer containing protease inhibitors. PBMC protein

concentrations were determined using a detergent

compatible protein assay (DCTM protein assay, Bio-

Rad, Hercules, CA, USA). All samples were stored

at �80°C after processing.

Sample analysis

Sulforaphane metabolite quantification

Plasma and urine samples were processed and anal-

ysed as previously described (Atwell et al. 2015b).

Briefly, acidified plasma and urine samples were cen-

trifuged for 5 min at 4°C, 12,000g to remove protein

precipitates. Supernatants were collected and filtered

using centrifuge tube filter columns (0.22-lm Spin-

X� filter columns, VWR International, Radnor, PA,

USA). Filtered urine samples were further diluted

twofold in 0.1% formic acid (v/v). Sulforaphane

metabolites in filtered samples were analysed using a

liquid chromatography–mass spectrometry instru-

ment (MDS Sciex 4000 QTRAP LC-MS/MS,

Applied Biosystems, Foster City, CA, USA) at the

OSU Mass Spectrometry Center. The following pre-

cursor and product ions were used to detect SFN and

its metabolites: SFN (178 > 114), SFN-GSH (485 >

179), SFN-Cys (299 > 114), SFN-NAC (341.1 > 114)

and SFN-CG (356 > 114). Quantification was deter-

mined against known standards using 8-point linear

standard curves (r2=0.99).

Urine creatinine quantification

For urine samples, creatinine was determined using

the standard Jaffe’s reaction. Urinary SFN metabo-

lites were normalized to urinary creatinine levels.

PBMC HDAC activity

Histone deacetylases activity was measured from

PBMC lysates as previously described (Myzak et al.

2004). Samples were analysed using the HDAC inhi-

bition assay at the Cancer Prevention and Interven-

tion Core Labs at the Linus Pauling Institute at

OSU.

Statistical analyses

Statistical analyses were performed using commer-

cially available software (GraphPad Prism Version

5.02, GraphPad Software, Inc., La Jolla, CA,

USA). All data were reported as mean � SEM. P

values were determined using one-way ANOVA.

When there was a significant main effect, Dunnett’s

post hoc tests were used to determine the differ-

ences between the means at different time points

post-SFN supplement consumption compared to

0 h baseline. Statistical significance was defined as

P ≤ 0.05.

Results

Patient characteristics

Ten dogs met the inclusion criteria and successfully

completed the study. Represented dog breeds

included Labrador (n = 5), goldendoodle (n = 3),

Australian Shepherd (n = 1) and mixed (n = 1). The

median patient age was 6.6 years (range: 1.1–11.0),

and median patient weight was 28.3 kg (range: 20.2–

35.4). All dogs were fed a dry commercial dog food
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and were on no medications apart from glucosamine

and chondroitin supplements.

All dogs were dosed with a broccoli sprout supple-

ment (BroccoMaxTM) and successfully completed

blood and urine sampling over the following 48 h.

No AEs attributed to the broccoli sprout supplement

were noted by dog owners or clinicians during the

48-h study period. However, one dog had grade II

vomiting noted 72-h following broccoli sprout sup-

plement (BroccoMaxTM) dosing. This AE was due to

foreign body ingestion.

Sulforaphane metabolites were detected in

plasma and urine samples post-broccoli sprout

supplement consumption

Sulforaphane metabolites were detected in plasma

samples in 9 out of 10 dogs following broccoli sprout

supplement (BroccoMaxTM) consumption. Plasma

total SFN metabolite levels peaked at 4 h post-con-

sumption, and were cleared by 24 h post-consump-

tion (Fig. 1a). SFN-GSH was the major SFN

metabolite detected in plasma (Fig. 1b and Table 1).

In urine samples, SFN metabolites were detected for

all 10 dogs following broccoli sprout supplement con-

sumption. Urinary SFN metabolites peaked at 4 h

post-consumption and remained detectable at 24 and

48 h post-supplement consumption (Fig. 2a). One

dog that did not have detectable plasma SFN

metabolites had detectable urinary SFN metabolites,

but the peak urinary metabolites was delayed until

24 h. Sulforaphane and SFN-Cys were the two major

SFN metabolites detected in urine samples (Fig. 2b

and Table 2).

Histone deacetylase activity

Histone deacetylase activity was determined in PBMC

at 0, 1, 2 and 24 h post-SFN supplement consumption

(Fig. 3). A trend for decrease in HDAC activity was

observed at 1 h post-consumption (11.3% decrease vs.

baseline) and a significant decrease was observed at

24 h post-consumption (24.4% decrease vs. baseline).

One dog was excluded from the analysis due to

haemolysis in the PBMC sample.

Discussion

This study is the first to evaluate the administration

of a broccoli sprout supplement in normal dogs.

Based on this study, SFN and SFN metabolites had

peak plasma and urine concentration at 2 and 4 hrs,

respectively. In plasma, SFN and metabolite concen-

trations reached low levels 24 hours after consump-

tion of a single dose, indicating rapid clearance from

the plasma. Sulforaphane metabolites in urine

reached low levels 48 h after consumption. These

dynamics are similar to those found in humans, with

peak SFN and metabolite concentrations within sev-

eral hours of dosing and clearance from the plasma

within 24 h (Atwell et al. 2015b; Clarke et al. 2011b).

Specifically, in our patient population, micromolar

Fig. 1. Plasma sulforaphane (SFN) metabolite levels following SFN

supplement consumption. (a) Total SFN levels (all metabolites) at 0 h

(baseline), 1, 2, 4, 8, 24 and 48 h post-consumption (mean � SEM).

(b) Distribution of individual SFN metabolites (SFN, SFN-CG, SFN-Cys

and SFN-GSH) in plasma samples at 1, 2, 4 and 8 h. SFN metabolites

were not detected at 0, 24 and 48 h. ***P < 0.001, *P < 0.05.
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plasma concentration of SFN and SFN metabolites

peaked at 4 h (range at peak of 0.004–0.095 lmol/L)

which is similar to findings in humans after a single

dose of broccoli sprout extract (peak noted at 3 h;

range of SFN metabolites 0.1–0.2 lmol/L) (Atwell

et al. 2015b).

This study provides the first evidence that SFN

is bioavailable following broccoli supplement

Table 1. Plasma sulforaphane (SFN) metabolites summary.

Plasma SFN metabolites mean (SE)

1 h 2 h 4 h 8 h

SFN ND ND 0.004 (0.003)* ND

SFN-CG ND ND 0.019 (0.007)* 0.011 (0.006)

SFN-Cys ND ND 0.011 (0.007) 0.006 (0.006)

SFN-GSH 0.003 (0.003) 0.038 (0.024) 0.095 (0.019)* 0.062 (0.014)*

SFN-NAC ND ND ND ND

Plasma SFN metabolite concentrations are shown in micromolar (lmol/L) concentrations. ND, not detected.*P < 0.05 compared to 0 h

baseline.

Fig. 2. Urine sulforaphane (SFN) metabolite levels following SFN

supplement consumption. (a) Total SFN levels (all metabolites) at

0 h (baseline), 4, 24 and 48 h post-consumption (mean � SEM). (b)

Distribution of individual SFN metabolites (SFN, SFN-Cys and SFN-

NAC) in urine samples at 4, 24 and 48 h. SFN metabolites were not

detected at 0 h baseline. ***P < 0.001.

Table 2. Urinary sulforaphane (SFN) metabolites summary.

Urinary SFN metabolites mean (SE)

4 h 24 h 48 h

SFN 0.294 (0.087)* 0.083 (0.001) 0.008 (0.001)

SFN-CG ND ND ND

SFN-Cys 0.216 (0.072)* 0.121 (0.035) 0.010 (0.002)

SFN-GSH 0.004 (0.001)* ND ND

SFN-NAC 0.007 (0.002)* ND ND

Urinary SFN metabolite concentrations are shown micromolar

(lmol/L) concentrations of urinary SFN metabolite/millimolar

(mmol/L) concentrations of urinary creatinine. ND: not

detected.*P < 0.05 compared to 0 h baseline.

Fig. 3. Histone deacetylase (HDAC) activities in PBMC following

sulforaphane supplement consumption. HDAC activity was deter-

mined in peripheral blood mononuclear cells at 0 h (baseline), 1, 2

and 24 h post-consumption. Data represent percentage change in

HDAC activity compared to baseline (mean � SEM). *P < 0.05,

~P < 0.08.
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consumption in canines, with limited adverse events.

This work lays the groundwork for the clinical study

of SFN supplementation in disease prevention and/

or treatment in veterinary practice. In particular, this

work will serve as the basis for the future studies

examining the impact of longer term SFN supple-

mentation, and its impact in dogs with and without

cancer.

Sulforaphane may help inhibit cancer formation

and progression by multiple epigenetic and non-epi-

genetic mechanisms, including inhibiting HDAC

activity (Clarke et al. 2008; Ellis et al. 2009). The

peripheral blood mononuclear cell HDAC activity

identified in this study population was similar to what

has previously been reported in normal human sub-

jects supplemented with SFN (Atwell et al. 2015b).

Furthermore, our study population had a decrease in

HDAC activity by 24.4% from baseline. By compar-

ison, women scheduled for breast biopsy following

SFN supplementation had a decrease of 18% (Atwell

et al. 2015a). Histone deacetylase activity may

decrease more significantly in subjects with abnormal

or transformed cells as with cancer (Clarke et al.

2011a; Weichert 2009). However, with routine dos-

ing, additional reduction in HDAC activity may be

noted in future work in dogs.

The limitations of this study include a small sample

size, variation in patient weight and age, and variation

in patient diet. However, some level of patient varia-

tion is more similar to the typical dog population pre-

senting to a veterinary clinic. Additionally, an

individual dog’s diet may have affected SFN absorp-

tion. However, all dogs consumed their typical com-

mercial dry dog food breakfast following SFN dosing.

The dog foods provided did not contain SFN or com-

pounds known to influence SFN absorption. All

patients swallowed the broccoli supplement capsules

whole and were not able to chew them prior to swal-

lowing. This may have decreased the release of myrosi-

nase, but would have been uniform across patients.

The role of epigenetic alterations during cancer

has gained increasing attention and has resulted in a

paradigm shift in our understanding of mechanisms

leading to cancer susceptibility. The impact of diet-

ary HDAC inhibitors, such as SFN and its metabo-

lites, has only begun in canine patients. The data

presented herein indicate that oral SFN is absorbed

by dogs, SFN metabolites are present in plasma post-

dosing, and SFN and its metabolites have some effect

on HDAC activity following a single dose. Future

clinical studies should include work to determine

safety and early mechanistic targets, as well as ran-

domized, placebo-controlled clinical trials using SFN

supplementation to potentially prevent or slow can-

cer development in canine patients.
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